Two conserved histidine residues (His-101 and His-271) appear to be essential components in the active site of the enzyme xylose (glucose) isomerase (EC 5.3
Glucose isomerase is an enzyme of primary industrial importance. Enzyme derived principally from Bacillus coagulans, Streptomyces spp., and Actinoplanes spp. is utilized in the annual conversion of 3 billion kilograms of glucose into fructose for use as high-fructose corn syrup (1) . The true physiological substrate of the enzyme is a pentose, xylose, which is isomerized to xylulose; hence the enzyme is correctly termed xylose isomerase (EC 5.3.1.5).
The crystal structure of xylose isomerase derived from Streptomyces rubiginosus was initially resolved to 4 A (2).
The enzyme structure comprises an eightfold a/,p-barrel, a classical design described first in triose-phosphate isomerase and subsequently in 12 functionally different enzymes (3) . Crystal structures of Streptomyces and Arthrobacter xylose isomerase also conform to this motif, yet unfortunately the primary amino acid sequences of these enzymes have not been published until recently (4-7). Rose (8) has proposed a general mechanism for sugar aldehyde-ketone isomerization that involves a cis-enediol intermediate during 1,2 proton transfer. Xylose isomerase is specific only for the a anomer of xylose, although the enzyme also accepts sugars in which the hydroxyl at C-2 is in the equatorial position. The proton is transferred directly between the substrate and the enzyme, without exchange with water, indicating that a single residue mediates the transfer. In general, sugar isomerases also require the presence of at least a single divalent cation per active site. The enzyme catalyzes a fairly slow reaction, of about 5 molecules per second per active site, in contrast with triose-phosphate isomerase, which is 1000-fold faster (26) .
There is evidence to suggest that histidine residues may perform a catalytic role in this enzyme. Chemical modification of Streptomyces xylose isomerase with diethyl pyrocarbonate reduces activity by 80% upon derivation of 1.8 histidine residues per active site (9) . This observation has been supported by the work of Gaikwad et al. (10) , who demonstrated that diethyl pyrocarbonate inactivation could be prevented by the addition of either xylose or glucose but not by Mn2" or Co2+.
In this paper we show that a sequence comparison between xylose isomerases from a number of species reveals that two histidine residues are conserved throughout. We have studied the effects of site-directed mutagenesis of these two histidine residues in the Escherichia coli xylose isomerase. In part this choice stems from the recognition of some propitious features in our experimental system that make it particularly amenable to these studies, including a unique selection method and an efficient production and purification scheme. This has facilitated rapid analysis of the effect of mutations on the catalytic activity of the enzyme. The results of this study should contribute to the understanding of the reaction mechanism of this enzyme. buffer (pH 7.2) by sonication. The debris was removed by centrifugation, and the supernatant was brought to a final concentration of 70 mM MnCl2 and held at 550C for 10 min. The resulting precipitate was removed by centrifugation at 12,000 x g for 20 min. The supernatant contained >80% pure xylose isomerase. A saturated solution of ammonium sulfate was added to 60% saturation and the enzyme was collected by centrifugation at 12,000 x g for 10 min. The preparations were dialyzed overnight at 40C in 10 mM triethanolamine buffer (pH 7.2) with 10 mM MnC12. Typical yields were 100 mg of enzyme per liter of culture, with purity >90%.
MATERIALS AND METHODS
The heat-labile forms of xylose isomerase were purified from cell lysates by the addition of MnCl2 as described above, except that the samples were not heated. Most of the enzyme could be recovered by precipitation with ammonium sulfate at 40% saturation. These preparations carried minor contaminating proteins detectable by SDS/PAGE.
Site-Directed Mutagenesis. Mutagenesis was performed using a synthetic oligodeoxynucleotide primer (14) containing the desired substitutions. Selection of mutants was facilitated by enzymatic removal of the parental strand as described by Vandeyar et al. (11) . The specific primers used were as follows: 5'-GCGTCGCNNNGTTAGCTTC-3' (for His-271) and 5'-ATCCACATCNNNGAAGCAATA-3' (for His-101). A separate set of primers that bind ==20 base pairs upstream were used for sequencing the mutated regions.
Enzyme Assay. A qualitative measure of xylose isomerase activity was achieved using permeabilized, induced E. coli cells, as described (15) . A coupled assay linked to sorbitol dehydrogenase was used for quantitative measures of activity (16) . The reaction mixture contained 10 units of sorbitol dehydrogenase (Boehringer Mannheim), 10 mM MnC12, 5 mM NADH, and D-xylose (mutarotated) in 10 mM triethanolamine buffer (pH 7.2).
A sensitive assay for detecting any residual activity in the mutant forms of xylose isomerase was also employed (15) . A reaction mixture containing 100 mM (10x Km) xylose and 10 ,uM enzyme was incubated for 14 hr in 10 mM triethanolamine buffer (pH 7.2) with 10 mM MnCI2 at room temperature. The reaction was terminated with addition of an equal volume of 1 M HCI, and the precipitate was removed by centrifugation at 12,000 x g for 10 min. Xylose was separated from xylulose on a Bio-Rad HPX-87C column at 85°C, with water as the mobile phase, and detected by measuring the change in refractive index. Peak heights were integrated automatically with a Hewlett-Packard model 3392A integrator. This procedure is sufficiently sensitive to detect activity 104-fold lower than that of the wild-type enzyme.
HPLC. The purity and native molecular weight of wild-type and mutant enzyme was measured using an LKB TSK G-3000 column with 0.2 M potassium phosphate, pH 7.0/ 0.1% sodium azide as the mobile phase. A Bio-Rad model 1306 ultraviolet detector at 280 nm was used for detection.
Estimation Ala] were obtained. The low frequency of recovered mutations at the His-101 codon was presumably the result of the secondary structure in that region, which limited the binding of the other variants in the "wild-card" primer.
All mutant forms of xylose isomerase were initially tested for activity using E. coli JM105 infected with the mutant M13mpl9-xylA. Sufficient enzyme was produced by induction with 2 mM IPTG to permit a qualitative analysis of activity in toluene-permeabilized cells. A qualitative cysteine carbazole assay showed no significant activity for any of the 14 mutants in comparison to the wild type, which was also expressed by using M13mpl9.
Kinetic Analysis of Wild-Type and Mutant Xylose Isomerases. Selected mutants of xylose isomerase genes were subcloned into pKK223 as 1.3-kilobase HindIII fragments from the replicative forms of M13mpl9-xylA, with selection for white colonies on MacConkey's medium containing xylose. Activities were initially measured with an assay coupled to sorbitol dehydrogenase. The wild-type enzyme had a Km for xylose of 10 mM and a turnover number of 5 sec1 under the conditions described in Materials and Methods. The mutant forms of xylose isomerase were purified as described and their activities were measured with the coupled assay. No activity above baseline was detected for mutations at His-101 or His-271 by using this assay format. A very low level of activity was detected, however, by using the HPLC-based assay in sonicated preparations from E. coli JM105 carrying the mutant xylose isomerases. Since E. coli JM105 is a Xyl+ strain, there was a possibility that this low level of activity was a result of an endogenous level of xylose isomerase synthesized even under conditions that would not induce the chromosomal xylose operon. The mutants were therefore transformed into E. coliHB101 cells, which exhibit a Xyl-phenotype (genotype xyl-5). When E. coli HB101 induced with xylose was subjected to Western blot analysis using rabbit antiserum raised against purified xylose isomerase, no immunologically reactive protein of the same molecular weight as xylose isomerase purified from E. coli JM105 was observed. Furthermore, no enzyme activity was detectable in these fully induced cells by either the spectrophotometric or the HPLC-based assay (data not shown). The His-101 and His-271 mutants were then screened for residual activity in this E. coli HB101 Xyl-background as described above. No measurable activity was detected, confirming that replacement of either the His-101 or the His-271 residue abolishes enzymatic activity.
Thermal Stability and Conformational Studies. A key step in the purification is the removal of contaminating proteins by heat precipitation at 55°C in the presence of Mn2+ (21) .
Although this was satisfactory for the wild-type enzyme and the His-101 mutants of xylose isomerase, the His-271 mutants precipitated upon heating. This was shown by SDS/PAGE of lysates and heat-treated supernatants of the various xylose isomerases (Fig. 2) . The yield of the His-271 Leu mutant was not significantly altered after treatment with 70 mM MnCl2 as compared to the wild-type enzyme (Fig. 2, lane B vs. lane E). However, most of the His-271 -* Leu protein was 4 . Stomyces   (1-388) 13. AMpullariella sp. 3876 (1-394) 1. L C01i
(1-440) precipitated by heating at 55°C for 10 min. All other substidetermined by HPLC gel filtration measurements (data not tutions analyzed for the His-271 residue rendered the protein shown). A dimer of Mr =90,000 was observed, which is in thermolabile in a similar manner. The His-101 mutants were agreement with previous measurements for the E. coli ennot significantly different from the wild-type enzyme in terms zyme (22) but differs from the Streptomyces albus enzyme, of their thermal stability but were intractable to ammonium which forms tetramers (23) . Further evidence against an sulfate precipitation below 90% saturation (data not shown).
extensive conformational defect resulting from any of the Although mutation at His-271 decreases the thermal stamutations made to the E. coli xylose isomerase was obtained bility of xylose isomerase, it does not cause an extensive by CD spectra of the purified enzyme (Fig. 3) . No significant change in the enzyme structure. The wild-type and all mutant alterations in the spectra were apparent for the mutants as forms of the enzyme appeared to form dimers in solution as compared to the wild-type enzyme. Although the intrinsic properties of the isomerization reaction seem to be conserved in xylose isomerases from various species, these enzymes differ in their ability to form either active dimers or tetramers. In accordance with published data, we observe that the E. coli enzyme is active as a dimer. We note that the same is true for those mutants which we have studied. In addition to CD spectra, we take this to be an indication that the mutations do not cause any extensive change in the conformation of the enzyme.
We chose to construct multiple substitutions for each histidine residue in an attempt to screen for possible conservative mutations that retain some activity, of which we found none. This observation suggests that these residues are critical for catalysis by xylose isomerase. Dyson (A.C.J., R. Korszun, D. S. Clark, and C.A.B., unpublished  results) .
Recently, the structure of the S. rubiginosus xylose isomerase at 1.9 A has been reported (7) permitting us to speculate as to the role of the His-101 and His-271 residues in the E. coli enzyme. The active site of the S. rubiginosus xylose isomerase contains two histidine residues, His-54 and His-220, that appear to correspond to His-101 and His-271 of the E. coli isomerase. There are some discrepancies between the numbering of the residues by Carrell et al. (7) and Drocourt et al. (20) . This may be accounted for by the absence of a methionine residue from the amino acid sequence for the S. violaceus-niger enzyme as determined by Edman degradation and reported by Drocourt et al. (20) . His-54 is in close proximity to the C-1 atom of xylose and can be alkylated by an analog of the substrate xylose, (E)-3-deoxy-3-fluoromethylene D-glucose. It appears that His-101 (His-54 in S. rubiginosus) is the catalytic base mediating the reaction, given its spatial proximity to the substrate and our observation that enzyme activity is completely absent when it is removed by site-directed mutagenesis. The evidence to date suggests that the His-101 residue extracts the proton from the C-1 atom in a manner consistent with a cis-enediol mechanism as suggested by Rose (8) . His-271 (His-220 in S. rubiginosus) is one of four ligands (the others are Glu-217, Asp-255, and Asp-257 in S. rubiginosus and Glu-268, Asp-307, and Asp-309 in E. coli, respectively, although the alignment is not precise) that coordinate one of the two Mn2+ ions in the active site. Removal of His-271 may perturb the position of the metal, resulting in some structural defect and hence the thermolability of the mutant.
